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ABSTRACT
 
This study investigates the effects of supplemental viscous damping on the seismic 
response of one-story, asymmetric-plan systems responding in the inelastic range of
behavior. It was found that addition of the supplemental damping reduces not only
deformation demand but also ductility and hysteretic energy dissipation demands on lateral
load resisting elements during earthquake loading. However, the level of reduction strongly
depends on the plan-wise distribution of supplemental damping. Nearly optimal reduction in
demands on the outermost flexible-side element, an element generally considered to be the
most critical element, was realized when damping was distributed unevenly in the system
plan such that the damping eccentricity was equal in magnitude but opposite in algebraic sign
to the structural eccentricity of the system. These results are similar to those noted previously
for linear elastic systems, indicating that supplemental damping is also effective for systems 
expected to respond in the inelastic range. 
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1. INTRODUCTION 
1.1 General Overview
Plan asymmetry has often been cited as the main cause for collapse of many buildings
in past earthquakes [1]. Buildings located on street corners are prime candidates for large 
plan (torsional) irregularity. These building are often composed of windows on street 
frontages, and stiff infill masonry or concrete walls supported by moment frames on the 
remaining faces, resulting in a large stiffness eccentricity. The flexible-side lateral load
resisting elements, which are located on the open sides, often experience large deformation 
and energy dissipation demands during seismic events [2]. If these elements are not designed 
to accommodate the large demands, they may fail during a seismic event leading to the 
building’s collapse. Large deformations may also cause pounding between closely spaced 
adjacent buildings and result in increased second-order (P-∆) effects. 
Several approaches may be used to reduce excessive earthquake-induced 
deformation, ductility, and hysteretic energy dissipation demands on lateral load resisting
elements of asymmetric-plan systems. Seismic codes attempt to do so by providing
additional strength to certain lateral load resisting elements [3-5]. While this approach
reduces ductility demand, it fails to control excessive deformation and hysteretic energy
dissipation demands [2]. Another approach is to redistribute the stiffness and/or mass 
properties to minimize the stiffness eccentricity and hence adverse effects of torsion. While 
such approach is possible at an early design stage for some new structures, it may not be 
feasible for many other new structures because of architectural and/or functional constraints. 
It may not be feasible for existing structures because of the significant “down time” and/or 
inconvenience to the occupants. 
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The approach of using supplemental damping is an appealing alternative to the other
approaches. The addition of supplemental dampers to a structural system has been known to 
reduce the deformation and ductility demands as well as enhance its energy dissipation 
capacity [6-11].  However, most of the past experience has been with planar (symmetric-
plan) systems. Some recent studies have investigated the effects of plan-wise distribution of 
supplemental damping on seismic response of three-dimensional systems [12-14]. Using
yielding devices with elastic-plastic force-deformation characteristics, Arista and Gomez [12] 
examined the effects of asymmetric distribution of supplemental dampers on seismic 
behavior of single-story systems. However, their study was limited to systems with a
symmetric plan. Martin and Pekau [13] and Pekau and Guimond [14] investigated the 
seismic response of asymmetric structures with friction dampers and found that such devices 
are effective in improving seismic performance of asymmetric-plan structures. It was also 
found that additional improvement in performance is obtained by properly “tuning” the slip 
load distribution in the system’s plan [13]. 
Fluid viscous dampers are especially attractive for enhancing the seismic performance 
of structures because they not only reduce the deformation demand but also the force 
demands. For example, a recent study by Constantinou and Symans [7] showed that the 
inclusion of fluid viscous dampers in the structures tested on a shake table resulted in 
reductions in story drifts from 30% to 70%. These reductions are comparable to those 
achieved by other supplemental damping devices. However, the use of fluid viscous dampers 
also resulted in reductions in story shear forces by 40% to 70% while other systems were 
incapable of achieving any comparable reduction. The reason for this difference is the nearly
  
 
 
   
 
 
  
3 
pure viscous behavior of the fluid dampers; the velocity-related forces resulting from viscous 
damping are nearly out-of-phase with the deformation-related forces. 
Due to the attractiveness of fluid viscous dampers for enhancing seismic performance
of structures, an investigation was initiated by Goel [17] on earthquake behavior of linear, 
one-story, asymmetric-plan systems with supplemental fluid viscous damping. The results of 
this investigation have been reported in a series of publications [15-18]. First, three system 
parameters were defined to account for the supplemental viscous damping: (1) the 
supplemental damping ratio, ζ sd ; (2) the normalized supplemental damping eccentricity, esd ; 
and (3) the normalized supplemental damping radius of gyration, ρ sd . Next, the effects of 
plan-wise distribution of supplemental viscous damping on seismic response were examined. 
It was found that plan-wise distribution of damping plays an important role in seismic 
behavior of asymmetric-plan systems. In particular, the largest reduction in flexible-edge 
deformation was realized when the fluid viscous dampers were distributed in the system plan 
such that the damping eccentricity takes on the largest value with algebraic sign opposite to 
the structural eccentricity [15,16].  Finally, various modal properties were examined and it 
was found that plan-wise distribution of supplemental viscous damping mainly influences the 
apparent modal damping ratios which in turn affect the deformation demands. Since the
distribution which led to the largest damping eccentricity with algebraic sign opposite to the 
structural eccentricity led to the largest apparent damping ratio in the fundamental mode of 
vibration, it also led to the largest reduction in deformation of the flexible-edge [17]. 
While the aforementioned studies on elastic response of asymmetric-plan systems 
have led to an improved understanding of how supplemental viscous damping reduces 
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earthquake-induced deformations, it is also important to study the response of structures 
responding in the inelastic range to understand how to design or enhance a structure so that 
damage is controlled at an acceptable level during intense ground shaking.
1.2 Project Scope 
The focus of this study is on the nonlinear response of one-story, asymmetric-plan 
systems with supplemental viscous damping. First, the elastic and inelastic system 
parameters necessary to control the response of one-story, asymmetric-plan systems with 
supplemental viscous damping during earthquake loading are presented and the inelastic 
response quantities considered are defined. Next, the effects of supplemental damping are 
evaluated by comparing the inelastic response quantities of one-story, asymmetric-plan 
systems with supplemental damping with those of the corresponding symmetric-plan system 
without supplemental damping. Finally, variations of demands with different combinations of 
structural eccentricity, damping eccentricity, and damping radius of gyration are studied to 
identify a near-optimal plan-wise distribution of supplemental damping that would minimize
the demands on the flexible-side element.
The seismic demands presented are due to the 1994 Northridge earthquake, the 1940 
El Centro earthquake, and a suite of twenty ground motions developed by SAC Joint 
Venture. 
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2. ENERGY DISSIPATION DEVICES
In the 1950’s, George Housner presented papers in which he showed how a building
absorbs the effects of an earthquake through hysteretic damping, cited from Ramusen [23]. 
Structures resist seismic loads through a combination of strength, deformability and energy
absorption. Structures deform well into the inelastic range during strong earthquakes, where 
much of the seismic energy is absorbed by the structure through damage to the resisting
lateral elements, called hysteretic damping.
Energy dissipated in a structural system is represented in the relationship for the 
conservation of energy [7],
E = E + E + E + E .k s h d 
Where E is the absolute energy input from the seismic event, Ek  is the absolute kinetic
energy, Es  is the recoverable elastic strain energy, Eh  is the irrecoverable energy dissipated 
by the structural system through inelastic action, and Ed  is the energy dissipated through 
supplemental damping devices. The inherent damping in the structure dissipates energy from 
the system and thus reduces the amplitude of vibration until the motion ceases. With the 
addition of supplemental damping devices to a structure, less seismic energy is absorbed by
the structure itself.  
Dampers fall into two categories: passive and active. Base isolation and supplemental 
dampers are examples of passive systems. Active systems are used to suppress the vibration 
by the use of sensors and actuators requiring some outside power source. Passive dampers 
typically fall into four subcategories: fluid viscous, viscoelastic, hysteretic and friction. 
Passive dampers have proven economical for retrofits, but in the case of new buildings, the 
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devices cost more to implement [23]. A thorough discussion of supplemental damping
devices is presented in Hanson et al. [22] and Constantinuo [7], and summarized in the 
following subsections. 
2.1 Fluid Viscous Dampers 
For many years, fluid viscous dampers have been used in military and aerospace 
applications and more recently in structural engineering applications.  Figure 1 presents a 
fluid viscous damper produced by Taylor Devices. Fluid viscous dampers operate on the 
principal of fluid flow through orifices. The force that is generated by the fluid damper is due 
to the pressure differential across the piston head [7].
Figure 1. Construction of Fluid Viscous Damper with Accumulator [7].
Since the silicone fluid is compressible, the reduction in fluid volume, caused by the product 
of travel and piston rod area, produces a restoring force. This restoring force is prevented by
the use of the accumulator.
Constantinou [7] studied the stability of fluid viscous dampers (FVD) for enhancing
the seismic resistance of structures. The inclusion of FVD in the tested structures resulted in
reductions in story drifts of 30% to 70%, which are comparable to those achieved by other 
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damping devices. Due to their viscous behavior, FVD are capable of achieving a high
reduction in story shear force (50% to 70%), while other damping devices did not achieve 
comparable reductions. Linear FVD produce damping forces that are 90o out-of-phase with 
structural element forces, minimizing loads on the structure. 
2.2 Viscoelastic Dampers 
Viscoelastic dampers dissipate energy through shear deformation. These dampers 
consist of acrylic polymer layers sandwiched between steel plates, as shown if Figure 2. 
Viscoelastic (VE) dampers have been in use since the 1960’s. A total of 10,000 viscoelastic 
dampers were used to reduce wind-induced vibration in each twin tower of the World Trade 
Center of New York City.  Other examples of wind-induced control applications using VE 
dampers are the Columbia SeaFirst Building (73 stories) and the Number Two Union Square
Building (60 stories) in Seattle. 
Figure 2. Viscoelastic Damper and Installation Detail [6]. 
VE dampers are very sensitive to temperature, which could create problems for
external use.  These devices add stiffness to structures, increasing the load at the top in taller 
buildings.  
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2.3 Hysteretic Dampers
Hysteretic dampers originated in New Zealand in the early 1970’s, and first used in 
the U.S. in the early 1980’s. Hysteretic dampers dissipate energy by flexural, shear or 
extentional deformation of the metal in the inelastic range. Typically, mild steel plates with 
triangular or hourglass shapes are used. These devices are able to sustain repeated cycles of 
stable yielding, avoiding premature failure. 
An example of a hysteretic damper is shown in Figure 3, the Bechtel Added Damping
and Stiffness (ADAS) device. This device uses X-shaped steel plates. The characteristics that 
affect the behavior of an ADAS device are its elastic stiffness, yield strength, and the yield 
displacement. One of the buildings ADAS devices were applied to, was in a two-story, non-
ductile, reinforced concrete building in San Francisco. 
Figure 3. ADAS Element and Installation Detail [7]. 
Other variation of mild steel energy dissipating devices have been used, such as, the
triangular plate energy dampers originally used in several base isolation applications, and 
mild steel round bars used in cross-braced structures. 
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2.4 Friction Dampers 
Friction devices dissipate energy as heat, caused by the sliding of steel plates against 
each other. Most friction systems generate rectangular hysteresis loops characteristic of 
coulomb friction. These devices have good performance characteristics, and their behavior is 
not significantly affected by load amplitude, frequency, or the number of applied load cycles.  
Figure 4. Pall friction Device and Typical Installation [10]. 
Figure 5. Sumitomo Friction Device [6]. 
The Pall device manufactured by Pall Dynamics, Ltd., is shown in Figure 4. This 
device uses brake pad material against steel and mounted in X-bracings. When seismic load 
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is applied, the compression brace buckles while the tension brace induces slippage at the 
friction joint. Energy is dissipated in both braces while they are designed to be effective in
tension only. This device has been used in several building in a Canada. The Pall device 
provides an increase in energy dissipation capacity and reduced drifts in comparison to 
moment resisting frames.
The Sumitomo friction device (Figure 5) was initially used as shock absorbers in the
Japanese “bullet” train developed by Sumitomo Metal Industries of Japan. The devices 
consist of copper pads impregnated with graphite in contact with the steel casing of the 
device. In general, friction devices are simple to construct but very difficult in maintaining
their properties over time. 
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3. SYSTEM AND GROUND MOTION 
3.1 One-story System
The model used for this study represents a one-story building idealized as a rigid deck 
supported by six structural elements: three structural elements in each of the two orthogonal 
directions (Figure 6). The structural elements were frames or walls having strength and 
stiffness only in their planes. Fluid viscous dampers are incorporated into the bracing system. 
The mass properties of the system were assumed to be symmetric about the X- and Y-axes, 
thus the center of mass (CM) coincided with its geometric center.   
Figure 6.  Idealized one-story system. 
The stiffness and damper properties were considered to be symmetric only about the 
X-axis. The lack of symmetry in damping, about the Y-axis, was characterized by the 
supplemental damping eccentricity, esd , defined as the distance between the CM and the 
center of supplemental damping (CSD). The lack of symmetry in stiffness, about the Y-axis, 
was characterized by the stiffness eccentricity, e, defined as the distance between the CM and 
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the center of rigidity (CR). The stiff edge of the system is defined as the edge that is on the 
same side of the CM as the CR; the other edge is the flexible edge (Figure 6). In the selected 
system, elements 1 and 3 are located on the stiff and flexible edges, respectively, and are 
denoted as the stiff-side and flexible-side elements, respectively.
The corresponding symmetric-plan system was defined as a system with no 
supplemental damping and coincidental CM and CR but with relative locations and stiffness 
of all resisting elements identical to those in the asymmetric-plan system.  
3.2 Ground Motion 
This section describes the ground motions considered in this investigation.  All 
ground motions were applied to the system to act in the Y-direction.  The ground velocity is 
obtained by integrating the acceleration-time function and integration of the ground velocity
provides the ground displacement. 
3.2.1 1994 Northridge Ground Motion 
The first ground motion considered is the North-South (360o) component recorded at 
the Sylmar County Hospital parking lot during the 1994 Northridge earthquake.  The ground 
acceleration for this ground motion is shown in Figure 7.  The peak values of the ground 
acceleration, velocity, and displacement recorded at the site were 826.6 cm/s2, 128.9 cm/s, 
and 32.55 cm, respectively.  There are a total of 3000 data points at equal time spacings of
0.02 sec. 
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Figure 7.  North-South component of the horizontal ground acceleration recorded at 
the Sylmar County Hospital parking lot during the 1994 Northridge earthquake. 
3.2.2 1940 El Centro Ground Motion 
The second ground motion considered is the North-South component recorded at a 
site in El Centro, California during the 1940 Imperial Valley Earthquake.  The ground 
acceleration for this ground motion is shown in Figure 8.  The peak values of ground 
acceleration, velocity and displacement recorded at the site were 0.319g, 13.04 in/sec, and 
8.40 in, respectively.  There are a total of 1559 data points at equal time spacings of 0.02 sec. 
  
 
 
 
 
  
14 
G
ro
u
n
d
 A
c
c
e
le
ra
ti
o
n
, 
g
 
0 .3  
0 .2  
0 .1  
0 
- 0  .1  
- 0  .2  
- 0  .3  
- 0  .4  
m  a  x  =  0 .3 1 9 g  
0 5 1 0 1 5 2 0 2 5 3 0 3 5  
T i m  e ,  s e c  
Figure 8.  North-South component of the horizontal ground acceleration recorded in El 
Centro, California during the Imperial Valley earthquake of May 18, 1940. 
3.2.3 10/50 Suite of Ground Motions 
A suite of twenty ground motions developed by SAC Joint Venture was also
considered in this investigation.  These ground motions have a 10% probability of 
exceedance in 50 years (10/50) at a generic stiff soil site in Los Angeles [18]. The ground 
motion records are presented in Appendix A. 
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4. SYSTEM PARAMETERS
4.1 Elastic System
The lateral stiffness of elements 4, 5, and 6 of Figure 6 for the one-story, one-way
asymmetric system are identical (i.e., kx4 =
kx5 =
kx6 ).  Because the system is symmetric
about the X-axis, the motion in the X-direction is independent of the motion in the Y-
direction and torsional motion. The following equations of motion for this system reduces to 
(1)
u u u 
where the mass and stiffness matrices are 
u uθ 
 
θ 


 

 

 ( )t
y y yM
 C
 K
 = −Mrugy+
 +
 uθ 
(2)
m 0
 
 
2 
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


12 
α
α 
+1
M
=
 0
 m 
1 e
 
 
2 
2 
2 



α
α 
+ 
12 
1
K
 ω
m=
 2 Ω
2 θ (3)
+
y e e 
The damping matrix of the system is defined as 
(4)
C
 C
 +
Csd =
 n 
C
 M
+
a1K
a=
 0n 
1 esd
 
Csd 2mω ζy sd =
 
 
e esd 2 sd ρ+ 2 sd 
where Cn  is the proportional damping matrix and Csd  is the damping matrix due to 
supplemental damping [17]. Equations (1-4) are solved to determine the coupled lateral-
torsional response of the structure due to the ground motion in the Y-direction. 
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Therefore, the linear elastic response of one-story, asymmetric-plan systems without 
supplemental damping depends on (1) transverse vibration period, T y = 2π ω y ( ωy = 
vibration frequency), of the corresponding symmetric-plan system in the Y-direction; (2) 
normalized stiffness eccentricity, e = e / a (a = plan dimension perpendicular to the direction 
of ground motion); (3) ratio of the torsional and transverse frequencies, Ω = ω ω y ; (4) θ θ 
aspect ratio of the deck, α = a d  ; and (5) mass and stiffness proportional damping constants, 
a0  and a1 , which in turn depend on the natural damping ratios in the two vibration modes of 
the system. The additional parameters needed to include supplemental damping are [15]: (1) 
supplemental damping ratio, ζsd ; (2) normalized supplemental damping eccentricity,
= / a ; and (3) normalized supplemental damping radius of gyration, ρ = ρ / a .e sd esd sd sd 
Detailed description of various parameters of a linear system is available elsewhere [15]. 
Parameters that characterize the inelastic system are discussed in the next section. 
4.2 Inelastic System
4.2.1 Yield Strength 
The total yield strengths in the X- and Y-directions were calculated as
mA mA (5)F = x and F = y
 x Rx 
y Ry
 
in which m is the system mass; Rx and Ry  are the reduction factors in the X- and Y-
directions, respectively. Ax and Ay  are the pseudo-accelerations for vibration periods T x 
and T y , respectively, selected from the mean-plus-one-sigma Newmark-Hall design
spectrum for the Sylmar and El Centro earthquakes. The design spectrum used for the SAC 
groundmotions was the 1994 NEHRP. The Newmark-Hall design spectrum was constructed 
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for 5% damping and peak values of the ground acceleration, velocity and displacement using
the procedure described in Chopra [19]. 
4.2.2 Element Yield Strength 
For simplicity, the yield strength of various elements was assumed to be proportional 
to their stiffness. Therefore, the strength of the ith elements oriented in the Y-direction is 
computed by
F (6)i y if y = k y
K y
 
where Fy  is the total yield strength of the system given by Equation (5), kiy  is the stiffness of
the ith element, and K y is the total stiffness, all in the Y-direction. Similarly, the yield 
strength of the jth element oriented in the X-direction is calculated from 
j Fx j (7)f x = k x

K x
 
where Fx  is the yield strength of the system given by Equation (5), k xj  is the stiffness of the
jth element, and K x  is the total stiffness, all in the X-direction. The force-deformation 
behavior of each resisting element was selected as elastic-plastic with 3% post-yield strain
hardening. The relationships defined by Equations (6) and (7) imply that the yield strength of 
an element in an asymmetric-plan system is identical to its yield strength in the
corresponding symmetric-plan system. 
The yield deformation of the ith element oriented in the Y-direction can be calculated 
as 
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i (8)f y Fyu = = y k y
i K y 
and that of the jth element oriented in the X-direction as 
f j F (9) 
u = x = x x jkx K x 
Equations (8) and (9) indicate that for the selected strength distribution, yield deformation of 
all elements in a given direction are the same. Furthermore, the yield deformation of an 
element in the asymmetric-plan system is the same as the yield deformation of this element 
in the corresponding symmetric-plan system. 
It is useful to note here that strength distribution selected in this investigation is 
consistent with the constant-D type distribution described by Tso and Smith [20] and 
advocated by Paulay [21]. While other strength distributions are possible [3-5, 20], this 
distribution was selected for no other reason but simplicity.
4.3 Selected System Parameters 
Responses are presented for the following values of system parameters. Values of Ty 
were selected in the range of 0.05 to 3 s, since damping is most effective in this period range 
[15, 19]. The selected value of Ωθ = 1  represents systems with strong coupling between 
lateral and torsional motions. The value of Ω x = 1  corresponds to identical uncoupled 
vibration periods in the two orthogonal directions. The relative torsional stiffness parameter, 
γx, is given a value of 0.5 corresponding to an equal contribution to the system’s torsional 
stiffness from the lateral resisting elements oriented along the two orthogonal directions. The
normalized stiffness eccentricity, e , was selected as 0.2, and the aspect ratio of the system, 
  
 
 
 
 
 
 
 
 
 
 
19 
α , was fixed at two. The damping ratio, ζ , was fixed at 5% in all modes of the
corresponding linear elastic symmetric-plan system. 
The supplemental damping ratio, ζ sd , was fixed at 10%. Three values were selected 
for the supplemental damping eccentricity, e sd = -0.2, 0, and 0.2; e sd = -0.2 corresponds to 
the CSD located at an equal distance from the CM as the CR but on the opposite side; 
esd = 0 corresponds to an even distribution of supplemental damping about the CM; and 
e sd = 0.2 corresponds to coincidental locations of CR and CSD. The normalized 
supplemental damping radius of gyration, ρ sd , was selected as 0.2 representing a medium 
spread of supplemental damping about the CSD. For the selected values of Rx and Ry = 4, 
the system was expected to be excited well into the inelastic range during the earthquake 
considered in this study. For selected cases, variations of e sd  in the range of –0.5 to 0.5, e  in 
the range of 0.0 to 0.5, ρ sd  in the range of 0.0 to 0.5, and Ry in the range of 1 to 10, were 
also considered. 
4.4 Inelastic Response Quantities Considered
Let us denote peak deformations of the stiff and flexible edge of an asymmetric-plan 
system as us and u f , respectively, and peak deformation of the corresponding symmetric-
plan system as uo . Note that uo  is also the deformation at the two edges of the corresponding
symmetric-plan system because such a system undergoes no torsional motion. The ratio of 
the peak edge deformations in the asymmetric-plan and the corresponding symmetric-plan 
system is then defined as
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u u f (10)s and u =us = fuo uo 
The normalized edge deformations, us and u f , are indicative of the effects of plan 
asymmetry. Since elements 1 and 3 are located at the stiff and flexible edges, respectively,
deformations of these elements are equal to us and u f , respectively, and the normalized
element deformations are given by
u1 = us and u3 = u f (11) 
Ductility demand on a lateral load-resisting element is defined as its peak deformation 
divided by its yield deformation. Therefore, ductility demands on elements 1 and 3 in the 
asymmetric-plan system is given as
u1 u3 (12)µ1 = and µ3 = u uy y 
and on the same elements of the corresponding symmetric-plan system as 
(13)uoµ = o u y 
The normalized ductility demands on the two elements are then defined as
 u  u (14a) 
1 
µ1  u1   o	 1µ = =  = = u1 µ u  u y  uoo	  y  
  (14b)µ  u  u3  3  uo 3µ = =   =	 = u33   µo  u y   u y  uo 
Combining Equations (6), (7), and (10) gives 
us = u1 = µ1 and u f = u3 = µ3 (15) 
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Since deformations of an edge and of an element located at this edge are the same, both these 
deformations will be referred to by a single term as “element deformation” in the rest of this 
paper. 
Let ED  and EDO  denote the total energy dissipated through damping in the
asymmetric-plan and its corresponding symmetric-plan systems, respectively. The 
normalized value of the dissipated energy is defined as 
ED (16)ED = EDO 
Similarly, let EH  and EHO  denote the total hysteretic energy dissipated by all lateral load-
resisting elements in the asymmetric-plan and its corresponding symmetric-plan systems, 
respectively. The normalized values of the hysteretic energy is then defined as 
E (17)E = H H EHO 
The normalized hysteretic energy dissipated by the stiff and flexible elements are defined as 
(18)EH1 EH 3E =  and E = H1 H 3E EHO HO 
Respectively, where EH1  and EH 3  are the hysteretic energy dissipated by the stiff and 
flexible elements, respectively.
In this investigation, variations of the normalized response quantities u = u = µ ,s 1 1 
u f = u3 = µ3 , ED , EH , EH1  and EH 3  with various system parameters are examined. These 
response quantities were determined solving the equations of motion by Newmark’s Average 
Acceleration Method ( γ = 1/ 2, β = 1/ 4 ), a numerical time-stepping method. 
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5. 1994 NORTHRIDGE GROUND MOTION 
Section 5 presents the results for the ground motion recorded at the Sylmar County
Hospital parking lot during the 1994 Northridge earthquake. The effects of supplemental 
viscous damping on asymmetric-plan systems (Figure 6) are compared for a wide range of 
system parameters. 
5.1 Force Deformation Histories  
In order to understand how the presence of supplemental damping influences the 
hysteretic behavior of lateral load resisting elements during an earthquake, force-deformation 
histories for the flexible- and stiff-side elements for an asymmetric-plan system ( e =0.2, 
Ωθ = Ωx =1, γ x =0.5, α=2, ζ = 0.05, and Ry = Rx = 4 ) with supplemental damping (ζ sd  = 
0.1, esd = −0.2 , and ρ sd = 0.2 ) are compared to those for the same elements in a system
without supplemental damping (ζ sd = 0). The results are presented for two period values, 
Ty = 0.5 and 1s, and Rx = R y = 4  in Figures 9 and 10. In these figures, the element force is 
normalized with the total yield force of the system in the Y-direction, f i = f i F y , and the 
element deformation is normalized with the system yield deformation in the Y-direction, 
u = u u .i i y 
The presented results show that the flexible-side element in a short period 
(T y = 0.5s ) asymmetric-plan system with supplemental damping undergoes inelastic cycles 
with significantly smaller deformation magnitudes than in a system without supplemental 
damping (Figures 9c and 9d). Furthermore, the hysteretic energy demand, represented by the 
area within the force-deformation loop, is much smaller in the flexible-side element of the 
system with supplemental damping compared to that in the system without supplemental 
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damping. This indicates that supplemental damping significantly reduces the deformation 
and energy dissipation demand on the flexible-side element. The effects of supplemental 
damping on the stiff-side element for a short period system (Figures 9a and 9b) are minimal. 
The trends for a longer period system ( T y = 1s ) (Figure 10) are similar to those observed for
the short period system ( T y = 0.5s ) with the exception that the stiff-side element does not
yield in both systems, with and without supplemental damping.
(a) (c) 
0.2 0.2 
− f 10 0− f 3
 
-0.2 -0.2 
-6 0 6 -6 0 6
− −u u1 3 
(b) (d) 
0.2 0.2 
− f 10 − f 30 
-0.2 -0.2 
-6 0 6 -6 0 6
− −u u1 3 
Figure 9.  Force-deformation histories of resisting elements due to the 1994 Northridge 
earthquake, Ty =0.5s: (a) stiff-side element, ζ sd =0.1; (b) stiff-side element, ζ sd =0; (c) 
flexible-side element, ζ sd =0.1; (d) flexible-side element, ζ sd =0. 
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Figure 10. Force-deformation histories of resisting elements due to the 1994 Northridge 
earthquake, Ty =1.0s: (a) stiff-side element, ζ sd =0.1; (b) stiff-side element, ζ sd =0; (c) 
flexible-side element, ζ sd =0.1; (d) flexible-side element, ζ sd =0. 
5.2 Maximum Deformation and Ductility 
 The effects of supplemental damping are evaluated next by comparing the
normalized deformations and ductility demands, us = u1 = µ1 and u f = u3 = µ3 , of a system 
with supplemental damping (ζ sd = 0.1) to those of the same system without supplemental 
damping (ζ sd = 0). Figure 11 presents the variation of the normalized element deformation 
and ductility with period Ty  in asymmetric-plan systems ( e = 0.2 , Ωθ = Ω x = 1, γ x = 0.5 , 
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α =2, ζ =0.05, and Ry = Rx = 4 ) with supplemental damping ( ζ sd = 0.1 and ρ sd = 0.2 ) for 
three values of esd = −0.2 , 0, and 0.2 along with the asymmetric-plan system without 
supplemental damping (ζ sd = 0). These results show that supplemental damping has the 
effect of reducing deformation and ductility demands of both elements. However, the effect
strongly depends on the plan-wise distribution of supplemental damping. For the stiff-side 
element (Figure 11a), esd  = 0.2 led to the largest reduction and esd = −0.2  led to the smallest 
reduction in deformation and ductility. For the flexible-side element (Figure 11b), esd = −0.2 
led to the largest reduction, whereas esd  = 0.2 led to the smallest reduction. A uniform 
distribution of supplemental damping, esd  = 0, led to an intermediate reduction for both 
edges. These effects are much less pronounced for the stiff-side element compared to those 
for the flexible-side element, as apparent from closeness of the three curves for e sd = −0.2, 0, 
and 0.2 (Figure 11a).  
The presented results show that supplemental damping may reduce the element 
deformation by a factor of nearly two. For example, for a system with a period of 1s, 
deformation of the flexible-side element is reduced by a factor of about 1.8; u3  = 2.2 and 
1.25 for the system with supplemental damping ( esd = −0.2 ) and without supplemental 
damping (ζ sd = 0), respectively. The above noted effects are similar to those noted earlier for 
linearly elastic systems [15], indicating that supplemental damping is effective even for 
systems responding in the inelastic range of behavior. 
With proper distribution of supplemental damping, the demand in the flexible-side 
element can be reduced to nearly that of the corresponding symmetric-plan system. This 
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becomes apparent for values of u f = u3 = µ3 for esd = −0.2  (Figure 11b), which are very
close to one over the entire period range. Note that values of u f = u3 = µ3  larger than one 
indicate that the demand in the flexible-side element of the asymmetric-plan system is higher
than that of the same element in the corresponding symmetric-plan system. Conversely,
u f = u3 = µ3  smaller than one indicate that the demand in the flexible-side element of the
asymmetric-plan system is lower than that of the same element in the corresponding
symmetric-plan system.  
The above results indicate that supplemental damping, with proper plan-wise 
distribution, is very effective for controlling the excess deformation and ductility demands on 
the flexible-side element. In general, the code-based approach tends to control the excess 
ductility demand on this element in the asymmetric-plan system by providing additional 
strength to vulnerable elements, e.g., through design eccentricity concept [3,4]. The approach 
of using supplemental damping may be especially appealing for rehabilitation of systems for 
which adding strength may not be either economically or physically feasible. 
The results presented so far are for a fixed value of the strength reduction factor, 
Rx = Ry = 4 . It would be useful to investigate if the conclusions based on a single value of 
the reduction factor are applicable over a broad range of inelastic action, i.e., several values 
of the reduction factor. For this purpose, normalized deformation and ductility demands were 
computed for the flexible- and stiff-side elements of the asymmetric-plan system ( e = 0.2 , 
Ωθ = Ω x = 1, γ x = 0.5 , α =2, andζ =0.05) with supplemental damping ( ζ sd = 0.1, 
esd = −0.2 , and ρ sd = 0.2 ) for values of Ry  ranging from 1 to 10 while keeping Rx  fixed at 
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4; Ry = 1 corresponds to little or no inelastic action and Ry = 10  corresponds to significant 
inelastic action. Since the effects of inelastic action are known to be strongly dependent on 
the period region [19], three values of Ty  = 0.5, 1.0, and 3.0s were considered. These periods 
represent short-period, medium-period, and long-period systems, respectively.
The presented results (Figure 12) indicate that variations of normalized deformation 
and ductility for medium-period ( Ty = 1s ) and long-period systems ( Ty = 3s ) over the 
considered Ry  range are minimal (no more than 25%). This indicates that trends observed 
earlier based on Ry = 4  are applicable to systems with other values of Ry . However, for the 
short-period system ( Ty = 0.5s ), the normalized deformation and ductility in systems with 
Ry > 4  can be significantly higher compared to those for Ry = 4 . For example, u3  for 
Ry = 7  is nearly twice that for Ry = 4 ; u3 = 1.14 for Ry = 7 and 0.65 for Ry = 4 . 
Therefore, much higher deformation and ductility may be expected in short-period systems 
with Ry > 4  than those predicted based on Ry = 4 . For values of Ry < 4  the trends are 
similar to those for Ry = 4 , indicating that previously observed trends are applicable for 
Ry < 4 . 
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Figure 11. Normalized responses in asymmetric-plan systems with and without 
supplemental damping due to the 1994 Northridge earthquake: (a) stiff-side element, 
and (b) flexible-side element. 
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Figure 12. Variation of normalized response with strength reduction factor for 
asymmetric-plan systems due to the 1994 Northridge earthquake: (a) stiff-side element, 
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5.3 Damping and Hysteretic Energies 
The variations of normalized damping and hysteretic energies, E D  and E H , with 
period Ty  are presented in Figure 13 for asymmetric-plan systems ( e = 0.2 , Ω = Ω = 1,θ x 
γ x = 0.5 , α =2, ζ =0.05, and Ry = Rx = 4 ) with supplemental damping ( ζ sd = 0.1 and 
ρ sd = 0.2 ) for three values of esd = −0.5 , 0, and 0.2 and without supplemental damping
( = 0 ). As expected, E D  is larger (Figure 13a) and E H  is smaller (Figure 13b) in ζsd 
asymmetric-plan systems with supplemental damping than those without supplemental 
damping ( ζsd = 0 ). Furthermore, short-period systems (e.g., T y < 0.5s ) dissipate a smaller 
fraction of the total energy through damping and a larger fraction through hysteretic action 
compared to longer period systems. 
The presented results show that the largest values of E D  (Figure 13a) tend to occur 
for e sd = −0.2 , whereas the system without supplemental damping led to the smallest values 
of E D ; E D  is not very sensitive to the plan-wise distribution of supplemental damping as 
apparent from closeness of the curves for three values of e sd . For systems with Ty up to 
about 2s, e sd = −0.2  led to the smallest E H . Since the hysteretic energy is dissipated through 
inelastic action that is associated with damage in the system, the presented results indicate 
that plan-wise distribution of supplemental damping with e sd = −0.2 would lead to smaller 
damage in such systems. For Ty >2s, the trend reverses and esd = 0.2  led to the smallest 
values of E H . 
The variation of normalized hysteretic energy for the stiff-side element, E H1, and 
flexible-side element, EH 3 , with period Ty  is presented in Figure 14; system parameters 
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selected are the same as those mentioned previously for Figure 13. These results show that 
the largest reduction in hysteretic energy for the flexible-side element (Figure 14b) is 
obtained for esd = −0.2 . For example, in a system with Ty  = 0.9, the hysteretic energy on the 
flexible-side element was reduced by a factor of nearly 4 with supplemental damping
distributed such that esd = −0.2 ; EH 3 = 0.35  for a system with ζ sd = 0.1, ρ sd = 0.2 , and 
esd = −0.2 and EH 3 = 1.45  for a system with ζ sd = 0 . Consistent with the previous 
observations on deformations, the largest reduction in hysteretic energy for the stiff-side 
element occurs for esd = 0.2 (Figure 14a). Furthermore, the sensitivity of EH 3  to plan-wise 
distribution of supplemental damping decreases, whereas that of EH1  increases as the system
period increases in the range of Ty > 1.5 s. 
Since reduction in hysteretic energy corresponds to reduction in damage due to 
inelastic action, as noted previously, the presented results (Figure 14) indicate that 
supplemental damping can be used very effectively in reducing damage in the flexible-side 
element, the most vulnerable element, of asymmetric-plan systems. 
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Figure 13. (a) Total normalized damping energy, and (b) total normalized hysteretic 
energy for systems with and without supplemental damping due to the 1994 Northridge 
earthquake. 
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Figure 14. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping due to the 1994 Northridge 
earthquake. 
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5.4 Optimal Plan-wise Distribution of Supplemental Damping 
Results presented so far indicate that supplemental viscous damping can be used to 
reduce deformations, ductility, and damage in asymmetric-plan systems responding in the 
inelastic range. The level of reduction, however, depends on the plan-wise distribution of 
supplemental damping. It would be useful to establish the plan-wise distribution of 
supplemental damping that leads to nearly the largest (or near-optimal) reduction in the 
deformation and ductility demands. For this purpose variation of deformation and ductility
with esd  for several values of structural eccentricity, e , ranging from 0.1 to 0.5, are plotted 
in Figures 15 and 16 (ζ sd =0.1, ρ sd = 0.2 , Ωθ = Ω x = 1, γ x = 0.5 , α =2, ζ =0.05, and 
Ry = Rx = 4 ); and for three values of ρ sd = 0, 0.2, and 0.5 are presented in Figures 17 and 18
(ζ sd =0.1, e = 0.2 , Ωθ = Ω x = 1, γ x = 0.5 , α =2, ζ =0.05, and Ry = Rx = 4 ). Two values of 
Ty = 0.5 and 1s are considered, representing short-period and medium-period systems, 
respectively. The values of esd  are varied from –0.5 to 0.5. The extreme values of esd =-0.5 
and 0.5 correspond to all dampers located on the flexible and stiff edge, respectively.
Figure 15 shows that regardless of the structural eccentricity, e , the smallest 
deformation and ductility of the flexible-side element occurs for esd =-0.5, i.e., when all 
dampers are concentrated at the flexible edge. Deformation and ductility are the largest for
0.5 and decrease as  varies from 0.5 to –0.5, i.e., as the CSD moves from the stiff esd = esd
edge to the flexible edge. The curves flatten as esd  approaches –0.5 and the flattening starts 
approximately at esd = −e . This indicates that the nearly the smallest normalized responses 
occur for esd = −e ; additional reductions in the range of esd = −e to –0.5 are minimal. 
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For a system with fixed esd , the normalized responses increase with e , as may be
expected due to increasing plan asymmetry. These trends are similar for both values of
Ty =0.5 (Figure 15a) and 1s (Figure 15b). 
The trends for the stiff-side element (Figure 16) are reversed compared to the 
flexible-side element (Figure 15). The smallest deformation occurs for esd = 0.5, i.e., when all 
dampers are concentrated at the stiff edge; and for a system with fixed esd , normalized 
responses decrease with increasing e . The effects are, however, less pronounced for the stiff-
side element compared to the flexible-side element.
Figure 17 shows that over a wide range of esd , largest values of ρ sd  leads to the
smallest values of the normalized responses. In the range of esd  from –0.25 to –0.5, however, 
the system response is insensitive to ρ sd , as apparent from the closeness of all curves; for 
Ty = 0.5s there is cross over of the curves but all curves are still very close. The normalized 
response of the stiff-side element (Figure 18) shows very little dependence on ρ sd  over the 
entire range of esd  as all curves are very close. The trends for the two Ty  values are very
similar except for minor differences such as cross over of curves.  
Since one of the major concerns for asymmetric-plan buildings is to reduce
deformation and hysteretic energy dissipation demands on the flexible-side element, the 
optimal plan-wise distribution of supplemental damping is the one that leads to the smallest 
demands on this element. The results presented in this section indicate that nearly the 
smallest demands on this element are obtained at about = −e ; additional reductions, esd 
although possible between esd = −e  and –0.5, are minimal. In this range, deformations of the 
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flexible edge are insensitive to ρ sd . Therefore, the optimal plan-wise distribution of 
supplemental damping corresponds to esd = −e , i.e., the CSD located at a distance equal to
the structural eccentricity from the center of mass towards the flexible edge.
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Figure 15. Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s 
due to the 1994 Northridge earthquake. 
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Figure 16. Variation of normalized response for the stiff-side element with 
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s 
due to the 1994 Northridge earthquake. 
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Figure 17.  Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s 
due to the 1994 Northridge earthquake. 
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Figure 18. Variation of normalized response for the stiff-side element with 
supplemental damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s 
due to the 1994 Northridge earthquake. 
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6. 1940 EL CENTRO GROUND MOTION 
The results for the 1940 El Centro ground motion are presented in this section. The 
response quantities are normalized in a similar manner as those due to the 1994 Northridge 
earthquake (Section 5). The trends observed due to the El Centro ground motion are similar 
to those observed due to the 1994 Northridge ground motion. The same system parameters 
are used in this section as in Section 5. 
6.1 Force Deformation Histories 
Force-deformation histories for the flexible- and stiff-side elements for an 
asymmetric-plan system ( e =0.2, Ωθ = Ωx =1, γ =0.5, α=2, ζ = 0.05, and Ry = Rx = 4 ) with x 
supplemental damping (ζ sd  = 0.1, esd = −0.2 , and ρ sd = 0.2 ) are compared to those for the 
same elements in a system without supplemental damping (ζ sd = 0). The results are presented 
for two period values, Ty = 0.5 and 1s, and Rx = R y = 4  in Figures 19 and 20.  
The results presented in Figure 19 indicate that supplemental damping significantly
reduces the deformation and energy dissipation demand on the flexible-side element. The 
effects of supplemental damping on the stiff-side element for a short period system (Figures 
19a and 19b) are minimal. The trends for a longer period system ( T y = 1s ) (Figure 20) are 
similar to those observed for the short period system ( T y = 0.5s ). 
The results are similar to those observed due to the Northridge ground motion, with 
the exception that the stiff-side element yields in both systems ( T y = 0.5s and T y = 1s ) and 
the hysteretic energy demand is greater due to the El Centro ground motion. 
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Figure 19. Force-deformation histories of resisting elements due to the 1940 Imperial 

Valley earthquake, Ty =0.5s: (a) stiff-side element, ζ sd =0.1; (b) stiff-side element, 

ζ sd =0; (c) flexible-side element, ζ sd =0.1; (d) flexible-side element, ζ sd =0. 
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Figure 20. Force-deformation histories of resisting elements due to the 1940 Imperial 

Valley earthquake, Ty =1.0s: (a) stiff-side element, ζ sd =0.1; (b) stiff-side element, 

ζ sd =0; (c) flexible-side element, ζ sd =0.1; (d) flexible-side element, ζ sd =0. 

6.2 Maximum Deformation and Ductility 
Figure 21 presents the variation of the normalized element deformation and ductility 
with period Ty  in asymmetric-plan systems ( e = 0.2 , Ωθ = Ω x = 1, γ x = 0.5 , α =2, 
ζ =0.05, and Ry = Rx = 4 ) with supplemental damping ( ζ sd = 0.1 and ρ sd = 0.2 ) for three 
values of esd = −0.2 , 0, and 0.2 along with the asymmetric-plan system without 
supplemental (ζ sd = 0). 
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These results show that supplemental damping has the effect of reducing deformation 
and ductility demands of both elements. However, as noted in Section 5, the effect strongly
depends on the plan-wise distribution of supplemental damping. For the stiff-side element 
(Figure 21a), esd  = 0.2 led to the largest reduction and esd = −0.2  led to the smallest 
reduction in deformation and ductility. For the flexible-side element (Figure 21b), esd = −0.2 
led to the largest reduction, whereas esd  = 0.2 led to the smallest reduction. A uniform 
distribution of supplemental damping, esd  = 0, led to an intermediate reduction for both 
edges. These effects are much less pronounced for the stiff-side element compared to those 
for the flexible-side element, as apparent from closeness of the three curves for e sd = −0.2, 0, 
and 0.2 (Figure 21a).  
With proper distribution of supplemental damping, the demand in the flexible-side 
element can be reduced to nearly that of the corresponding symmetric-plan system. This 
becomes apparent for values of u f = u3 = µ3 for esd = −0.2  (Figure 21b), which are very
close to one over the entire period range. The above results indicate that supplemental
damping, with proper plan-wise distribution, is very effective for controlling the excess 
deformation and ductility demands on the flexible-side element. The normalized deformation 
and ductility peak at different periods when compared to those observed due to the ground 
motion recorded at the Sylmar County Hospital, but the overall trends are similar. 
The variation of reduction factor with normalized deformation and ductility is 
presented in Figure 22. Normalized deformation and ductility demands were computed for 
the flexible- and stiff-side elements of the asymmetric-plan system ( e = 0.2 , ζ =0.05) with 
supplemental damping ( ζ sd = 0.1, esd = −0.2 , and ρ sd = 0.2 ) for values of Ry  ranging from
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1 to 10 while keeping Rx  fixed at 4; Ry = 1  corresponds to little or no inelastic action and 
Ry = 10  corresponds to significant inelastic action. The effects of inelastic action were 
considered for three values of Ty  = 0.5, 1.0, and 3.0s. These periods represent short-period, 
medium-period, and long-period systems, respectively.
The presented results (Figure 22) indicate that variations of normalized deformation 
and ductility for short-period ( Ty = 0.5s ), medium-period ( Ty = 1s ) and long-period system 
(Ty = 3s ) over the considered Ry  range are minimal. This indicates that trends observed 
earlier based on Ry = 4  are applicable to systems with other values of Ry . For the three 
systems considered here, the normalized deformation and ductility, over the range of inelastic
action, is lower than that of the same element in the corresponding symmetric system. 
These results are similar to those observed in Section 5, with the exception of the
short period system. For the El Centro ground motion, the variation in normalized 
deformation and ductility for Ty = 0.5s  were minimal, whereas the variation due to the
Northridge earhtquake were significantly higher. 
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Figure 21. Normalized responses in asymmetric-plan systems with and without 
supplemental damping due to the 1940 Imperial Valley earthquake: (a) stiff-side
element, and (b) flexible-side element. 
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6.3 Damping and Hysteretic Energies 
Figure 23 presents the variations of normalized damping and hysteretic energies, E D 
and E H , with period Ty  due to the El Centro ground motion. The variation of normalized 
hysteretic energy for the stiff-side element, E H1, and flexible-side element, EH 3 , with period 
Ty  is presented in Figure 24. System parameters selected are the same as those mentioned 
previously in Section 5.3. 
The results presented in Figure 23, indicate that E D  is larger (Figure 23a) and E H  is 
smaller (Figure 23b) in asymmetric-plan systems with supplemental damping than those 
without supplemental damping ( ζsd = 0 ). Furthermore, short-period systems (e.g., T y < 0.5s ) 
dissipate a smaller fraction of the total energy through damping and a larger fraction through 
hysteretic action compared to longer period systems. 
As noted in Section 5.3, the largest values of E D  (Figure 23a) tend to occur for
e sd = −0.2 , whereas the system without supplemental damping led to the smallest values of 
E D ; E D  is not very sensitive to the plan-wise distribution of supplemental damping as 
apparent from closeness of the curves for three values of e sd . For 0.7 > Ty > 1.5s, the 
presented results indicate that plan-wise distribution of supplemental damping with 
e sd = −0.2  would lead to smaller damage in such systems. For 0.7 < Ty < 1.5s, the trend 
reverses and esd = 0.2  results in the smallest values of E H . Note that the period value at 
which the reversal in trend occurs is likely to depend on the input ground motion.  
The variation of normalized hysteretic energy for the stiff-side element, E H1, and 
flexible-side element, EH 3 , with period Ty  are presented in Figure 24. Consistent with the 
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previous observations on deformations, the largest reduction in hysteretic energy for the stiff-
side element occurs for esd = 0.2 (Figure 24a), the largest reduction in hysteretic energy for
the flexible-edge element (Figure 24b) is obtained for e sd = −0.2 . Furthermore, the 
sensitivity of EH 3  to plan-wise distribution of supplemental damping decreases, whereas that 
of EH1  increases as the system period increases in the range of Ty > 2s. 
The results are similar to those observed in Section 5.3, confirming that supplemental 
damping can be used effectively in reducing damage in the flexible-side element of
asymmetric-plan systems.
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Figure 23. (a) Total normalized damping energy, and (b) total normalized hysteretic 
energy for systems with and without supplemental damping due to the 1940 Imperial 
Valley earthquake. 
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Figure 24. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping due to the 1940 Imperial 
Valley earthquake. 
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6.4 Optimal Plan-wise Distribution of Supplemental Damping 
Variation of deformation and ductility with esd  for several values of structural 
eccentricity, e , ranging from 0.1 to 0.5 are presented in Figures 25 and 26, and for three 
values of ρ sd = 0, 0.2, and 0.5 are presented in Figures 27 and 27 (ζ sd =0.1, e = 0.2 , 
Ωθ = Ω x = 1, γ x = 0.5 , α =2, ζ =0.05, and Ry = Rx = 4 ). Two values of Ty = 0.5 and 1s are 
considered, representing short-period and medium-period systems, respectively. The values 
of esd  are varied from –0.5 to 0.5. The extreme values of esd = -0.5 and 0.5 correspond to all 
dampers located on the flexible and stiff edge, respectively.
Similar trends are observed in this section as in Section 5.4. Figure 25 shows that 
regardless of the structural eccentricity, e , the smallest deformation and ductility of the
flexible-side element occurs for esd =-0.5, i.e., when all dampers are concentrated at the 
flexible edge. Deformation and ductility are the largest for esd = 0.5 and decreases as esd 
varies from 0.5 to –0.5, i.e., as the CSD moves from the stiff edge to the flexible edge. The 
curves flatten as esd  approaches –0.5 and the flattening starts approximately at esd = −e . 
This indicates that nearly the smallest normalized responses occur for esd = −e ; additional 
reductions in the range of esd = −e  to –0.5 are minimal. These trends are similar for both 
values of Ty =0.5 (Figures 25a) and 1s (Figures 25b). For a system with fixed esd , the 
normalized responses increase with e , as may be expected due to increasing plan 
asymmetry.
The trends for the stiff-side element (Figure 26) are reversed compared to the 
flexible-side element (Figure 25). The smallest deformations are observed when all dampers 
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are concentrated at the stiff edge ( esd = 0.5). For the shrot-period system, the deformation of 
the stiff-side element is insensitive to e  and esd  as apparent from the closeness and flatness 
of the curves. 
The system response of the flexible-side element (Figure 27 ) appears to be 
insensitive to ρ sd , as apparent from the closeness of all curves; for both systems (Figure 27a 
and 27b) there is cross over of the curves but all curves are still very close. As observed 
earlier, the normalized deformations and ductilities of the flexible-side element increases as
esd  approaches 0.5.  
The normalized response of the stiff-side element (Figure 28) shows very little 
dependence on ρ sd  over the entire range of esd  as all curves are very close. The normalized 
deformations and ductilities of the stiff-side element increase as esd  approaches –0.5. The 
trends for the two Ty  values are very similar except for minor differences such as cross over
of curves. 
The results presented in this section confirm the observed results in the previous 
section that nearly the smallest demands on this element are obtained at about esd = −e ; 
additional reductions, although possible between esd = −e  and –0.5, are minimal. Therefore, 
the optimal plan-wise distribution of supplemental damping corresponds to esd = −e , i.e., the 
CSD located at a distance equal to the structural eccentricity from the center of mass towards 
the flexible edge. 
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Figure 25. Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s 
due to the 1940 Imperial Valley earthquake. 
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Figure 26. Variation of normalized response for the stiff-side element with 
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s 
due to the 1994 Imperial Valley earthquake. 
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Figure 27. Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s 
due to the 1940 Imperial Valley earthquake. 
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Figure 28. Variation of normalized response for the stiff-side element with 
supplemental damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s 
due to the 1940 Imperial Valley earthquake. 
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7. SAC SUITE OF GROUND MOTIONS
The seismic demands obtained for the Northridge and the Imperial Valley
earthquakes (Sections 5 and 6) are compared to a suite of twenty ground motions developed 
by SAC Joint Venture. These ground motions have a 10% probability of exceedance in 50 
years (10/50) at a generic stiff soil site in Los Angeles.  
The time history record for each ground motion is presented in Appendix A. The 
maximum deformation and ductility demands, damping energy, and hysteretic energy
dissipation demands are presented for each ground motion in Appendices B through U.  In
order to verify the results of the previous sections (Sections 5 and 6), the mean and mean + 
1σ seismic demands are presented for the suite of ground motions. 
7.1 Maximum Deformation and Ductility  
Figures 29 and 30 present the mean and mean + 1σ variation of normalized maximum 
deformation and ductility with period Ty  in asymmetric-plan systems with supplemental 
damping for three values of esd = -0.2, 0, and 0.2 along with the asymmetric-plan system 
without supplemental damping ( ζ sd = 0 ). The same trends are observed for the SAC ground 
motions as for the Northridge and El Centro ground motions.  
As noted in the previous sections, the smallest deformations and ductilities for the
stiff-side element (Figure 29) are observed when esd = 0.2 . For the flexible-side element
(Figure 30), esd = −0.2  led to the smallest deformations. The largest deformations and 
ductilities for both elements are realized for a system without supplemental damping. The 
effects of supplemental damping are much less pronounced for the stiff-side element than for 
the flexible-side element. These results indicate that supplemental damping may reduce the 
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element deformation and ductility, but it is highly dependent on the plan-wise distribution of
the dampers. 
 The mean and mean + 1σ normalized deformation and ductility for the stiff- (Figure 
31) and flexible-side (Figure 32) elements of the asymmetric-plan system with supplemental 
damping for values of Ry  ranging from 1 to 10 are presented for three values of Ty = 0.5, 
1.0, and 3.0s. The results presented in Figure 31 for the stiff-side element indicate that the 
trends observed for Ry = 4  are applicable to systems with other values of Ry  for the short
(Ty = 0.5s), medium (Ty = 1.0s) and long ( Ty = 3.0s) period systems.  
The results presented in Figure 32 for the flexible-side element indicate that the 
variation of normalized deformation and ductility for medium ( Ty = 1.0s) and long
(Ty = 3.0s) period systems over the considered range of Ry  are minimal. Therefore, the
observed trends for Ry = 4  are applicable to systems with other values of Ry . For short-
period systems ( Ty = 0.5s), the normalized deformation and ductility in systems with Ry < 4 
can be significantly higher compared to a system with Ry = 4 . However, for the Northridge 
earthquake a significantly higher variation is observed for systems with Ry > 4 in short-
period systems, indicating that the results are highly dependent on input ground motion. 
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Figure 29. Normalized responses for asymmetric-plan systems with and without 
supplemental damping due to the 10/50 suite of ground motions for the stiff-side
element: (a) mean, and (b) mean +1σ. 
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element: (a) mean, and (b) mean +1σ. 
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7.2 Damping and Hysteretic Energies 
The mean and mean + 1σ variations of normalized damping and hysteretic energies, 
E D  and E H , with period Ty  are presented in Figures 33 and 34, respectively, for 
asymmetric-plan systems ( e = 0.2 , ζ =0.05, and Ry = Rx = 4 ) with supplemental damping
(ζ sd = 0.1 and ρ sd = 0.2 ) for three values of esd = −0.5 , 0, and 0.2 and without 
supplemental damping ( = 0 ). As noted in previous sections, E D  is larger (Figure 33) and ζsd 
E H  is smaller (Figure 34) in asymmetric-plan systems with supplemental damping than 
those without supplemental damping ( = 0 ). For systems with supplemental damping,ζsd 
short-period systems (e.g., T y < 0.5s ) dissipate a smaller fraction of the total energy through 
damping and a larger fraction through hysteretic action compared to longer period systems. 
The presented results indicate that the largest values of E D  (Figure 33) tend to occur 
for e sd = −0.2 , whereas the system without supplemental damping led to the smallest values 
of E D ; E D  is not very sensitive to the plan-wise distribution of supplemental damping as 
apparent from closeness of the curves for three values of e sd . The curves presented in Figure 
34 for systems with and without supplemental damping are truncated at Ty = 1.7s; this is due 
to the fact that no yielding is taking place in the corresponding symmetric-plan system. These 
results indicate that plan-wise distribution of supplemental damping with e sd = −0.2  would 
lead to smaller damage in such systems.  
The mean and mean + 1σ variation of normalized hysteretic energy for the stiff-side 
element, E H1, and flexible-side element, EH 3 , with period Ty  are presented in Figures 35 
and 36, respectively. Consistent with the previous observations on deformations, the largest 
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reduction in hysteretic energy for the stiff-side element occurs for esd = 0.2 (Figure 35). The
results presented in Figure 36 show that the largest reduction in hysteretic energy for the
flexible-edge element is obtained for. As observed in Figures 34, 35 and 36, the hysteretic 
energy curves end at Ty  greater than 1.7s; this is due to the fact that the hysteretic energy
was normalized with the total hysteretic energy of the symmetric-plan system, and no 
yielding is taking place in symmetric-plan systems with Ty  greater than 1.7s.
These results confirm the results obtained in the previous sections due to the Sylmar
and El Centro ground motions. Since reduction in hysteretic energy corresponds to reduction 
in damage due to inelastic action, the presented results indicate that supplemental damping
can be very effective in reducing damage in the flexible-side element of asymmetric-plan 
systems. 
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Figure 33. (a) Mean, and (b) mean +1σ total normalized damping energy for systems 
with and without supplemental damping due to the 10/50 suite of ground motions. 
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Figure 34. (a) Mean, and (b) mean +1σ total normalized hysteretic energy for systems 
with and without supplemental damping due to the 10/50 suite of ground motions. 
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Figure 35. (a) Mean, and (b) mean +1σ normalized hysteretic energy for the stiff-side
element in systems with and without supplemental damping due to the 10/50 suite of
ground motions. 
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Figure 36. (a) Mean, and (b) mean +1σ normalized hysteretic energy for the flexible-
side element in systems with and without supplemental damping due to the 10/50 suite 
of ground motions. 
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7.3 Optimal Plan-wise Distribution of Supplemental Damping 
The mean and mean + 1σ variations of deformation and ductility with esd  for several
values of structural eccentricity, e , ranging from 0.1 to 0.5, are plotted in Figures 37 through 
40 (ζ sd =0.1, ρ sd = 0.2 , Ωθ = Ω x = 1, γ x = 0.5 , α =2, ζ =0.05, and Ry = Rx = 4 ). Two 
values of Ty = 0.5 and 1s are considered, representing short-period and medium-period 
systems, respectively. The values of esd  are varied from –0.5 to 0.5. The extreme values of 
esd =-0.5 and 0.5 correspond to all dampers located on the flexible and stiff edge, 
respectively.
The results presented in Figure 37 indicate that regardless of the structural
eccentricity, e , the smallest deformation and ductility of the flexible-side element occurs for
esd =-0.5, i.e., when all dampers are concentrated at the flexible edge. Deformation and 
ductility are the largest for esd = 0.5 and decrease as esd  varies from 0.5 to –0.5, i.e., as the 
CSD moves from the stiff edge to the flexible edge. For a system with fixed esd , the 
normalized responses increase with e , as may be expected due to increasing plan 
asymmetry. These trends are similar for both values of Ty =0.5 (Figure 37) and 1s (Figure 
38). 
The trends for the stiff-side element (Figures 39 and 40) are reversed compared to the 
flexible-side element (Figures 37 and 38). The smallest deformation occurs for esd = 0.5, i.e., 
when all dampers are concentrated at the stiff edge; for a system with fixed esd , normalized 
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responses decrease with increasing e . The effects are, however, less pronounced for the stiff-
side element compared to the flexible-side element.
The mean and mean + 1σ variations of deformation and ductility with esd  for three 
values of ρ sd = 0, 0.2, and 0.5 are presented in Figures 41 through 44 (ζ sd =0.1, e = 0.2 , 
Ωθ = Ω x = 1, γ x = 0.5 , α =2, ζ =0.05, and Ry = Rx = 4 ). Two values of Ty = 0.5 and 1s are 
considered, representing short-period and medium-period systems, respectively. For the 
flexible-side element (Figures 41 and 42), the largest values of ρ sd  leads to the smallest 
values of the normalized responses over a wide range of esd . In the range of esd  from –0.25 
to –0.5, the system response is insensitive to ρ sd , as apparent from the closeness of all 
curves. The normalized response of the stiff-side element (Figures 43 and 44) shows very
little dependence on ρ sd  over the entire range of esd  as all curves are very close. The trends 
for the two Ty  values are very similar except for minor differences such as cross over of
curves. 
The optimal plan-wise distribution of the supplemental damping is the one that leads 
to the smallest demands on the flexible-side element. As indicated earlier, the optimal plan-
wise distribution of supplemental damping corresponds to esd = −e , i.e., the CSD located at
a distance equal to the structural eccentricity from the center of mass towards the flexible
edge. 
Overall, the trends observed in this section confirm the results due to the Sylmar and 
El Centro ground motions. Thus, it may be concluded that the addition of supplemental 
damping to a system reduces deformation and hysteretic energy dissipation demands. 
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Figure 37. Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for five values of e  and Ty =0.5s due to the 10/50 
suite of ground motions: (a) mean, and (b) mean+1σ. 
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Figure 38. Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for five values of e  and Ty =1.0s due to the 10/50 
suite of ground motions: (a) mean, and (b) mean+1σ. 
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Figure 39. Variation of normalized response for the stiff-side element with 
supplemental damping eccentricity for five values of e  and Ty =0.5s due to the 10/50 
suite of ground motions: (a) mean, and (b) mean+1σ. 
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Figure 40. Variation of normalized response for the stiff-side element with 
supplemental damping eccentricity for five values of e  and Ty =1.0s due to the 10/50 
suite of ground motions: (a) mean, and (b) mean+1σ. 
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Figure 41. Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for three values of ρ sd  and Ty =0.5s due to the 10/50 
suite of ground motions: (a) mean, and (b) mean+1σ. 
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Figure 42. Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for three values of ρ sd  and Ty =1.0s due to the 10/50 
suite of ground motions: (a) mean, and (b) mean+1σ. 
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Figure 43. Variation of normalized response for the stiff-side element with 
supplemental damping eccentricity for three values of ρ sd  and Ty =0.5s due to the 10/50 
suite of ground motions: (a) mean, and (b) mean+1σ. 
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Figure 44. Variation of normalized response for the stiff-side element with 
supplemental damping eccentricity for three values of ρ sd  and Ty =1.0s due to the 10/50 
suite of ground motions: (a) mean, and (b) mean+1σ. 
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8. CONCLUSION 
The focus of this investigation is on the seismic response of one-story, asymmetric-
plan systems responding in the inelastic range. The overall trends observed due to the ground 
motion recorded at the Sylmar County Hospital during the 1994 Northridge earthquake, the 
ground motion recorded at El Centro during the 1940 Imperial Valley earthquake, and the 
10/50 suite of 20 ground motions developed by SAC are: 
• 	 Supplemental viscous damping can be used to reduce deformation, ductility, and 
hysteretic energy dissipation demands in lateral load-resisting elements of asymmetric-
plan systems responding in the inelastic range. However, the level of reduction strongly
depends on the plan-wise distribution of the supplemental damping.
• 	 With proper distribution of supplemental damping, the deformation and ductility
demands in the flexible-side element can be reduced to nearly that of the corresponding
symmetric-plan system. 
• 	 The trends based on Ry = 4 , the reduction factor for which most results are presented in 
this paper, are applicable to systems with other values of Ry , depending on the ground 
motion. The overall trends are not affected by the degree of inelastic action, i.e., values of 
.Ry 
• 	 The near optimal plan-wise distribution of supplemental damping for reducing demands 
on the flexible-side element, generally considered to be the most critical element in
asymmetric-plan systems, occurs when esd = −e , i.e., the CSD located at a distance equal 
to the structural eccentricity from the center of mass towards the flexible edge. Such a
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distribution of supplemental viscous damping leads to the smallest deformation and 
ductility demands on this element. 
• 	 The deformation and ductility for the stiff-side element are not very sensitive to ρ sd ; but, 
for the flexible-side element (for esd > -0.25) ρ sd = 0.5 led to the largest reduction in 
deformation. 
The results indicate that supplemental damping, with the proper plan-wise 
distribution, is very effective in controlling the excess deformation and ductility demands on 
the most vulnerable element, the flexible-side element. Supplemental damping may be 
especially appealing for retrofits, in which adding strength may not be economically and/or 
physically feasible. 
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APPENDIX A. GROUND ACCELERATION RECORDS FOR 10/50 SUITE
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Figure A1. 10/50 suite of ground motion records (ground acceleration in g’s, and time in 
seconds) 
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APPENDIX B. EL CENTRO #1 
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Figure B1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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Figure B4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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APPENDIX C. IMPERIAL VALLEY #2 
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Figure C1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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Figure C3. (a) Total normalized damping energy, and (b) total normalized hysteretic
energy for systems with and without supplemental damping. 
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Figure C4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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100 
(a) 
0 
0.25 
0.5 
0.75 
1 
u s
 =
 u
 1 
==
µ 1
 
−
−
 
−
 
e=0.1− 
e=0.2− 
e=0 3.  − 
e=0.4− 
e=0.5− 
-0.5 -0.25 0 0.25 0.5 
−esd 
(b) 
0 
0.5 
1 
1.5 
2 
u s
 =
 u
 1 
= 
µ 1
 
−
−
 
−
 
e=0.1− 
e=0.2− 
0 3e= .  − 
e=0.4− 
e=0.5− 
-0.5 -0.25 0 0.25 0.5 
−esd 
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Figure C7. Variation of normalized response for flexible-side elem. with supplemental
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Figure C8. Variation of normalized response for stiff-side element with supplemental 
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APPENDIX D. IMPERIAL VALLEY #3 
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Figure D1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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Figure D2. Variation of normalized response with strength reduction factor for 
asymmetric-plan systems: (a) stiff-side element, and (b) flexible-side element. 
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Figure D3. (a) Total normalized damping energy, and (b) total normalized hysteretic
energy for systems with and without supplemental damping. 
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element in systems with and without supplemental damping. 
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Figure D5. Variation of normalized response for the flexible-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure D6. Variation of normalized response for the stiff-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure D7. Variation of normalized response for flexible-side elem. with supplemental
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure D8. Variation of normalized response for stiff-side element with supplemental 
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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(a) 
0 
0.5 
1 
1.5 
2 
u s
 =
 u
 1 
= 
µ 
1
 
−
−
 
−
 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
ζ 
sd=0 
0 0.5 1 1.5 2 2.5 3
 
−
−
 
−
u
 =
 u
 
= 
µ 
f
3
3
Ty (sec) 
(b) 
3 
2 5.  
2 
1.5 
1 
0.5 
0 
e− 
e− 
sd=0.2 
sd=0 
e− 
ζ 
 
sd=-0.2 
sd=0 
0 0.5 1 1.5 2 2.5 3 
Ty (sec) 
Figure E1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
112 
2 
(a) 
1.5
 
−
−
 
−
 
−
 
−
 
−
 
u
 =
 u
 
= 
µ 
u
 =
 u
 
= 
µ 
0.5 
0 
1 2 3 4 5 6 7 8 9 10 
s
1 
T y = 0.5 
T y = 1.0 
T y = 3.0 
R y 
(b) 
3 
1 1
 
2.5 
2 
1 
0.5 
0 
1 2 3 4 5 6 7 8 9 10 
f
3
3 
T y = 0.5 
T y = 1.0 
T y = 3.0 
R y 
1.5
 
Figure E2. Variation of normalized response with strength reduction factor for 
asymmetric-plan systems: (a) stiff-side element, and (b) flexible-side element. 
ζ 
 
 
 
 
113 
(a) 
3 
2.5 
2 
0 0.5 1 1.5 2 2.5 3 
D
 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
ζsd=0 
−
−
 
E
E 1.5 
1 
0.5 
0 
Ty (sec) 
(b) 
2 
1 
0.5 
0 
0 0.5 1 1.5 2 2.5 3 
H
 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
 ds =0  
Ty (sec) 
1.5
 
Figure E3. (a) Total normalized damping energy, and (b) total normalized hysteretic 
energy for systems with and without supplemental damping. 
ζζ
 
 
 
 
 
  
 
114 
1 
(a) 
0.8 
0.6 
−
−
 
E
E 
0.4 
0.2 
0 
0 0.5 1 1.5 2 2.5 3 
H
1 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
 ds =0  
Ty (sec) 
(b) 
2 
1.5
 
1 
0.5 
0 
0 0.5 1 1.5 2 2.5 3 
H
3 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
 ds =0  
Ty (sec) 
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Figure F4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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Figure G1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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Figure G3. (a) Total normalized damping energy, and (b) total normalized hysteretic
energy for systems with and without supplemental damping. 
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Figure G4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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Figure H3. (a) Total normalized damping energy, and (b) total normalized hysteretic
energy for systems with and without supplemental damping. 
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Figure H4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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Figure H5. Variation of normalized response for the flexible-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure H7. Variation of normalized response for flexible-side elem. with supplemental
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure I5. Variation of normalized response for the flexible-side element with
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Figure J4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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Figure J5. Variation of normalized response for the flexible-side element with 
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure J7. Variation of normalized response for flexible-side elem. with supplemental 
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure J8. Variation of normalized response for stiff-side element with supplemental 
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure K1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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Figure K2. Variation of normalized response with strength reduction factor for 
asymmetric-plan systems: (a) stiff-side element, and (b) flexible-side element. 
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Figure K3. (a) Total normalized damping energy, and (b) total normalized hysteretic
energy for systems with and without supplemental damping. 
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element in systems with and without supplemental damping. 
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Figure K6. Variation of normalized response for the stiff-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure K7. Variation of normalized response for flexible-side elem. with supplemental
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure K8. Variation of normalized response for stiff-side element with supplemental 
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure L1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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Figure L2. Variation of normalized response with strength reduction factor for 
asymmetric-plan systems: (a) stiff-side element, and (b) flexible-side element. 
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Figure L3. (a) Total normalized damping energy, and (b) total normalized hysteretic 
energy for systems with and without supplemental damping. 
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element in systems with and without supplemental damping. 
−
−
 
E
E 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
171 
(a) 
−
−
 
−
−
−
 
−
u 
= 
u 
== 
µ 
u
 =
 u
 
= 
µ 
f
3
3
f
3
3
4 
3 
2 
1 
0 
e=0.− 
e=0.− 
e=0.− 
− 
1
2
3
e=0.
e=0.− 
4
5
-0.5 -0.25 0 0.25 0.5 
−esd 
(b) 
2 
1.5 
1 
0.5 
0 
e− 
e− 
e− 
− 
=0.1
=0.2
=0 3.  
e
e− 
=0.4
=0.5
-0.5 -0.25 0 0.25 0.5 
−esd 
Figure L5. Variation of normalized response for the flexible-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure N3. (a) Total normalized damping energy, and (b) total normalized hysteretic
energy for systems with and without supplemental damping. 
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Figure N6. Variation of normalized response for the stiff-side element with
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Figure O1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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Figure O4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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Figure O5. Variation of normalized response for the flexible-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure O6. Variation of normalized response for the stiff-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure O7. Variation of normalized response for flexible-side elem. with supplemental
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Figure P1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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energy for systems with and without supplemental damping. 
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Figure R3. (a) Total normalized damping energy, and (b) total normalized hysteretic
energy for systems with and without supplemental damping. 
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Figure R4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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1.5
 
1
 
ζ 
 
 
 
 
225 
(a) 
3 
2.5 
2 
0 0.5 1 1.5 2 2.5 3 
D
 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
ζsd=0 
−
−
 
E
E 1.5 
1 
0.5 
0 
Ty (sec) 
(b) 
2 
1 
0.5 
0 
0 0.5 1 1.5 2 2.5 3 
H
 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
 ds =0  
Ty (sec) 
1.5
 
Figure S3. (a) Total normalized damping energy, and (b) total normalized hysteretic 
energy for systems with and without supplemental damping. 
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Figure S4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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Figure S6. Variation of normalized response for the stiff-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure S7. Variation of normalized response for flexible-side elem. with supplemental
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure S8. Variation of normalized response for stiff-side element with supplemental 
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure T1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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1.5
 
1
 
ζ 
 
 
 
 
233 
(a) 
3 
2.5 
2 
0 0.5 1 1.5 2 2.5 3 
D
 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
ζsd=0 
−
−
 
E
E 1.5 
1 
0.5 
0 
Ty (sec) 
(b) 
2 
1 
0.5 
0 
0 0.5 1 1.5 2 2.5 3 
H
 
esd=0.2 
− 
esd=0
− 
esd=-0.2 
− 
 ds =0  
Ty (sec) 
1.5
 
Figure T3. (a) Total normalized damping energy, and (b) total normalized hysteretic 
energy for systems with and without supplemental damping. 
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Figure T4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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Figure T5. Variation of normalized response for the flexible-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure T6. Variation of normalized response for the stiff-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure T7. Variation of normalized response for flexible-side elem. with supplemental
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure T8. Variation of normalized response for stiff-side element with supplemental 
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure U1. Normalized responses in asymmetric-plan systems with and without 
supplemental damping: (a) stiff-side element, and (b) flexible-side element.
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Figure U2. Variation of normalized response with strength reduction factor for 
asymmetric-plan systems: (a) stiff-side element, and (b) flexible-side element. 
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Figure U3. (a) Total normalized damping energy, and (b) total normalized hysteretic
energy for systems with and without supplemental damping. 
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Figure U4. Normalized hysteretic energy for (a) stiff-side element, and (b) flexible-side 
element in systems with and without supplemental damping. 
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Figure U5. Variation of normalized response for the flexible-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure U6. Variation of normalized response for the stiff-side element with
supplemental damping eccentricity for five values of e : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure U7. Variation of normalized response for flexible-side elem. with supplemental
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
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Figure U8. Variation of normalized response for stiff-side element with supplemental 
damping eccentricity for three values of ρ sd : (a) Ty =0.5s, and (b) Ty =1.0s. 
